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S1. Landslide mapping, characterization, and distributions  44 
S1.1 Landslide mapping procedure 45 
We constructed two landslide inventories, one for earthquake-induced landslides and 46 
one for precipitation-induced landslides, using 0.5 m-resolution satellite images from 47 
DigitalGlobe (WorldView and QuickBird). Landslide polygons were manually 48 
delineated using ArcGIS based on distinct differences of spectral intensity between 49 
landslides and surrounding vegetation. Specifically, for each landslide, we delineated 50 
polygons separately for landslide scars (source) and deposition (runout) zones. The 51 
high-resolution (0.5 m) satellite images allowed us to identify the boundary between 52 
exposed bedrock surface and landslide deposit. This boundary was used to 53 
differentiate the scar and deposition zones. Landslide deposits often contained 54 
mixtures of granular materials with visible meter-sized boulders, showing different 55 
brightness and textures compared to the scars, and the scar walls often have linear 56 
features such as joints. We mapped the landslide scar and deposit as a whole polygon 57 
and separated the polygon based on the scar-deposit boundary. The above-boundary 58 
part is defined as the scar zone, and the below-boundary part is the deposition zone. 59 
Our approach likely produced a minimum, conservative estimate for scar area due to 60 
the possibility that deposits have obscured the bottom of the slip surface1. In general, 61 
our mapped scar areas correlated well with the entire mapped areas (r = 0.90, 62 
p<0.0001) and encompass on average 62% of entire landslide areas (Supplementary 63 






Since we were interested in the initial conditions of landslide failure, we focused on 67 
the dimensions of landslide scars (e.g., area, width). Landslide scar area was 68 
measured as the planar area of the delineated landslide scar polygon. Landslide depth 69 
was derived from the measured landslide area based on an empirical area-volume 70 
scaling relationship calibrated for our study region2,3. Landslide scar width was 71 
measured as the maximum horizontal distance perpendicular to the runout pathway, 72 
which was independently measured from landslide scar area.  73 
 74 
For the earthquake-induced landslide inventory, we mapped landslides with an area > 75 
5,000 m2 using satellite images from before and after the 2008 Mw7.9 Wenchuan 76 
earthquake. 2619 landslides were mapped within the six months following the 77 
Wenchuan earthquake (June to December 2008, excluding the pre-Wenchuan 78 
landslides). We attributed these landslides to be caused by the mainshock and 79 
aftershocks of the Wenchuan earthquake. For the precipitation-induced landslide 80 
inventory, we mapped 209 landslides with an area > 5,000 m2 from satellite images in 81 
2007, before the Wenchuan earthquake. We considered that these pre-2008 landslides 82 
were likely triggered by precipitation-related effects. The recurrence interval of a 83 
Wenchuan-like event in the Longmen Shan fault system is estimated to be around 84 
500-4000 years4. The vegetation turnover time is typically ~30 years5, and there were 85 
limited seismicity over a period of 30 – 100 years before the 2008 Wenchuan 86 




the Wenchuan earthquake in the eastern Tibetan region, the 1933 Diexi earthquake 88 
and the 1976 Songpan-Pingwu earthquake6,7, which were ~100 km and ~250 km away 89 
from our study area, respectively. We expect that these two events have minimal 90 
influences on our pre-2008 precipitation-induced landslide inventory due to following 91 
reasons. The reconstructed peak ground acceleration (PGA) distribution of the 92 
Songpan-Pingwu earthquake by the USGS Hazard Program 93 
(https://earthquake.usgs.gov/earthquakes/eventpage/usp0000j0p/shakemap/pga) 94 
suggests that this event caused a PGA of <0.05 g in our study area, much smaller than 95 
the typical PGA magnitude (0.15-0.2 g) shown to trigger landslides4,8,9. For the Diexi 96 
event, a recent paleoseismological study showed that this earthquake had a rupture 97 
length of around 30 km10, which did not propagate to our study area. The estimated 98 
epicenter location is ~100 km away from our study area. Because previous studies 99 
have shown that the areal density of earthquake-induced landslides decayed rapidly 100 
within 40 km from the epicenter or seismogenic fault4,9,11,12, we expect that these 101 
earthquakes have limited influences on our mapped landslides.    102 
 103 
Note that this earthquake-induced landslide inventory represents a new dataset based 104 
on high-resolution images, which is different from previously published Wenchuan 105 
earthquake-induced landslide inventories4,11-13. Those previous Wenchuan landslide 106 
inventories have not separated the scars and deposits, whereas our new inventories of 107 
both precipitation-induced landslides and earthquake-induced landslides delineated 108 





S1.2 Bedrock landslide characterization 111 
The major objective of our study is to evaluate the controls on the sizes of bedrock 112 
landslides, which are thought to be controlled by mechanisms different from those 113 
that control soil landslides14-16. Bedrock landslides tend to have greater areas and 114 
deeper failure planes than shallow soil landslides that occur typically at soil-bedrock 115 
boundaries15. In reality, a transition zone between soil and bedrock landslides appears 116 
as a broad zone15, and we may not be able to completely separate them in our 117 
inventories. Here, we illustrate how we determine the range of landslide areas that 118 
separate bedrock landslides from soil landslides based on several prior studies.   119 
 120 
A prior study3 conducted field surveys of earthquake-induced landslides following the 121 
Wenchuan event and found that most landslides were bedrock landslides. This study3 122 
reported measurements of the depths of 41 landslides in the field, with measured 123 
depths varying from < 1 m to ~20 m and areas varying from ~1,000 m2 to ~300,000 124 
m2. These measurements provide a locally calibrated scaling relationship between 125 
landslide area and depth. A global compilation of soil and bedrock landslides15 126 
showed a broad transition zone between soil and bedrock landslides. Most soil 127 
landslides have areas <10,000 m2 and few soil landslides have areas close to 100,000 128 
m2. The lower bound for the transition between soil/bedrock landslides to bedrock 129 
landslides only is around 35,000 m2. We note that the global dataset contains soil 130 




their inferred area to transition from soil/bedrock landslides to bedrock landslides 132 
only likely represents an upper estimate for steep uplifting mountains like the 133 
Longmen Shan.  134 
 135 
Based on compilations of soil landslides from California and Switzerland, a recent 136 
study16 estimated landslide thickness using landslide volume and geometry in 137 
landscapes with steep slopes. They showed that landslide thicknesses scale with 138 
hillslope gradients and are typically less than 3 m for areas with steep slopes 139 
(gradient > 0.5)16. This estimate corresponds to a landslide area of ~6,000 m2 using 140 
the locally calibrated landslide area-depth scaling relationship in the Longmen Shan 141 
region. This depth is comparable to one available measurement of soil thickness (~ 142 
1.8 m) in a steep granitic terrain in the eastern Tibetan mountains17, a setting similar 143 
to our study area. Following these observations, we speculate that landslides with an 144 
entire area greater than the range of 5,000 - 35,000 m2, corresponding to a landslide 145 
thickness of 2.9 - 6 m based on the local landslide area-depth scaling relationship, 146 
likely separate bedrock landslides from soil landslides in our study area. We then 147 
selected a landslide area of 20,000 m2 (equivalent to a landslide depth of 5.9 m) as our 148 
best estimate of the minimum area that separates soil and bedrock landslides.     149 
 150 
For the following analysis, we used landslides with entire areas larger than 20,000 m2 151 
as bedrock landslides. In total, we identified 861 Wenchuan earthquake-induced 152 




Wenchuan earthquake.  154 
 155 
To examine the impact of choice for the minimum area, we performed sensitivity tests 156 
using landslide areas that vary from ~ 5,000 to 35,000 m2. We find that the 157 
correlations between the maximum failure potential (FPmax) and the 95th percentiles of 158 
landslide scar areas do not change significantly depending on the choice of the 159 
minimum area, showing consistently high and statistically significant weighted 160 
correlation coefficients (rw = 0.85 to 0.95 for earthquake-induced landslides, rw = 0.73 161 
to 0.79 for precipitation-induced landslides) (Supplementary Figs. 6c, d). 162 
 163 
S1.3 Landslide area distributions and spatial locations  164 
We examined the size-frequency distributions of scar areas of earthquake-induced and 165 
precipitation-induced landslides using histograms and probability density plots 166 
(Supplementary Fig. 1b). The probability density of landslide inventories for a given 167 
area AL, p(AL) is defined following ref18: 168 
 169 
𝑝 𝐴        (Eq. S1) 170 
 171 
where δNL is the number of landslides within an area bin between AL and AL+ δAL, and 172 
NLT is the total number of landslides in the inventory. The comparison of size-173 
frequency distributions of two inventories revealed that precipitation-induced 174 




1a, b).  176 
 177 
In addition, we examined the locations of landslides relative to ridges and channels 178 
and assessed whether landslide sizes differ depending on landscape positions 179 
(Extended Data Fig. 1). Following the analysis in a previous work19, we calculated the 180 
distance to ridge as the steepest decent distance from the highest point of a landslide 181 
scar to the nearest ridgeline and the distance to channel as the steepest decent distance 182 
from the lowest point of landslide scar to the nearest channel. The channels were 183 
defined as topographic points with drainage area > 1 km2 20 and the ridgelines were 184 
determined by extracting the channels from inverted digital elevation model (DEM) 185 
data with visual examination and correction. These distances were normalized by the 186 
total flow length of the hillslope to show relative positions with respect to ridge and 187 
channel.   188 
 189 
We found that bedrock landslides with large scar areas (e.g., > 40,000 m2) in both 190 
landslide types tend to occur more in ridges, but some large landslides also occur in 191 
other landscape positions. Fig. 1d shows that precipitation-induced landslides were 192 
clustered in the E-W oriented ridge in the north of the catchment, while earthquake-193 
induced landslides tend to occur more broadly across the landscape. Such spatial 194 
differences may be derived from the fact that earthquake-induced landslides were 195 
more likely to occur at hillslopes that have not failed before by precipitation-induced 196 




4,000 yr)4 likely allowed ample time for seismically-failed landscapes to recover and 198 
re-steepen for failure in future events. The exact timing of precipitation-induced 199 
landslides clustered in the E-W oriented ridge in the north is not clear, whereas this 200 
area features high steepness, high elevation, and high failure potential. We speculate 201 
that those landslides in high elevations are likely affected by deep open-fracture zones 202 
and triggered by precipitation-related factors. It is possible that the expected deep 203 
open-fracture zones beneath the E-W oriented ridge in the north might promote 204 
percolation of groundwater and increase pore pressure at deep depths21, which can 205 
facilitate large hillslope failures. In addition, the previous study22 suggested that the 206 
effective stress affected by groundwater flow may destabilize the lower part of 207 
hillslopes, which can cause large failures propagating to the ridges. Future research 208 
efforts are needed to fully understand the interplay among topographic stress, open 209 
fractures, groundwater flow, and bedrock landslides.  210 
 211 
S2. Topographic stress calculation  212 
We calculated the subsurface stress fields beneath the actual three-dimensional 213 
topography considering the ambient stress fields from gravitational stresses and 214 
horizontal far-field stresses (assumed to be tectonically induced) and the topographic 215 
perturbation of the ambient stress fields. We assumed the topographic surface as a 216 
traction-free boundary formed by the removal of overburden within the body of rock 217 
23-25. The topographic perturbation on the ambient elastic stress field is calculated 218 




this study is explained in previous studies21,27,28. Although our stress model is based 220 
on simple material properties (linear-elastic, homogeneous and isotropic rock) that are 221 
rare in natural settings, previous studies have shown that our model can be used to 222 
examine the influence of elastic stress fields on subsurface fractures and weathering, 223 
which can be obtained from geologic and geophysical datasets (e.g., seismic velocity, 224 
fracture observations from cores)21,27,28.  225 
 226 
Here, we present information on 1) ambient stress conditions and stress measurement 227 
datasets, 2) topographic perturbation calculation and stress model configuration, and 228 
3) assumptions and discussion of the stress model used in this study.  229 
 230 
S2.1 Ambient stress conditions and stress measurement datasets 231 
We describe the subsurface ambient stresses, which include gravitational stresses and 232 
horizontal far-field stresses, as depth-dependent linear functions: 233 
 234 
        (Eq. S2a) 235 
        (Eq. S2b) 236 
           (Eq. S2c) 237 
        (Eq. S2d) 238 
 239 
where the subscripts H, h, and v denote the directions of the most compressive 240 




respectively. The superscripts a and t denote the ambient stress and constant 242 
horizontal tectonic stress, respectively. ρ is rock density (2,650 kg/m3), g is 243 
gravitational acceleration (9.8 m/s2), z is the elevation above a reference point, and k 244 
is the vertical gradient in horizontal stress normalized by the vertical gradient in 245 
vertical stress. The double subscripts in Eq. S2d refer to the directions of shear 246 
stresses, following the on-in convention. Compressive stresses are defined as positive. 247 
 248 
The magnitudes, orientations, and vertical gradients of ambient stresses were 249 
determined from a compilation of in-situ stress measurements from five sites in the 250 
central Longmen Shan range (Supplementary Figs. 2, 3, Supplementary Table 129-31). 251 
Those sites were within 50 km from the center of our modeling window within a 252 
region bounded by the Maowen-Wenchuan fault in the north and the Yingxiu-253 
Beichuan fault in the south (Supplementary Fig. 2). In total, we have 24 in-situ stress 254 
measurements, which include one overcoring and 23 hydraulic fracturing 255 
measurements. Among them, there are 13 measurements (three sites) made before the 256 
Wenchuan earthquake and eight measurements (two sites) from granite. The 257 
measured depths ranged from 100 m to 800 m. We used 23 hydraulic fracturing 258 
measurements to constraint the ambient stress condition because they are typically 259 
more accurate than the overcoring method32.  260 
 261 
We constrained the intermediate range of horizontal stress magnitudes and the vertical 262 




measurements. 1residual uncertainties of the fit provide the constraint for the lower 264 
and upper bounds of stress profiles (Supplementary Figs. 3a-b, Supplementary Table 265 
2). The estimated 𝜎  was 6.8±3.2 MPa, 𝜎  was 4.6±1.9 MPa, and the average 266 
direction of H was S50°E. Because stress measurements made close to the surface can 267 
be affected by topographic perturbations, the vertical gradients of ambient stresses are 268 
most consistent with those from sufficiently deep (>300 m) depths. We used the stress 269 
model results based on intermediate stress profiles, as shown by the solid lines in 270 
Supplementary Figs. 3a, b, for our analysis in Fig. 2. The results of the sensitivity 271 
tests based on the lower and upper bounds are shown in Supplementary Figs. 3c and e 272 
and explained in detail in section S2.3. The parameter values used in the stress model 273 
scenarios are shown in Supplementary Table 2. We assumed a Young’s modulus of 274 
50 GPa. 275 
 276 
The estimated horizontal far-field stresses in this area suggest a moderate-to-strong 277 
compressive tectonic setting. For reference, an earlier study reported 𝜎  = 7±10 MPa 278 
and 𝜎   = 6±8 MPa in the eastern United States33. Another study21 reported 𝜎  279 
ranges from 6.25 to 10 MPa and 𝜎   ranges from 3 to 4 MPa from borehole hydraulic 280 
fracturing and overcoring measurements for their study sites in the eastern United 281 
States with strong compression.  282 
 283 
S2.2 Topographic perturbation calculation and model configurations  284 




stress fields using a boundary element model, Poly3D26. To do this, we first used the 286 
actual topographic surface and constructed boundary elements. We smoothed the 287 
SRTM 90m DEM using a moving-average circular filter with a radius of 500 m, 288 
which is about half of the regional hillslope length scale. This procedure removed 289 
local irregularities and noise in the DEM, hence reducing numerical artifacts at 290 
shallow depths21. We selected a total area of ~ 1,600 km2 (40 km × 40 km), which 291 
encompassed our immediate study site (525 km2, 25 km × 21 km), to account for 292 
topographic perturbation from surrounding topography (Fig. 1). Then, we subtracted 293 
the mean elevation from the smoothed DEM and tapered the edges of the modeled 294 
window to zero elevation to ensure stress state equilibrium. We discretized this 295 
topographic surface into a mesh of triangular elements using the 3D Move software 296 
from Midland Valley Inc. The length of the triangular elements was ~ 350 m within 297 
our study site and was gradually coarsened (~ 1500 m) outside of our study site. The 298 
length 350 m is chosen so our large study area can be processed in a reasonable total 299 
simulation time with a stress model that is computationally expensive and time-300 
consuming.  301 
 302 
Then, we resolved the ambient stresses onto the plane of each triangular element and 303 
subtracted those stresses from the zero-traction boundary condition. We used these 304 
modified traction conditions as an input to Poly3D and calculated the displacements 305 
on the surface elements that satisfy the modified traction conditions and elastic 306 




ambient stresses to calculate the total stress field at observational points in the 308 
subsurface. This total stress field is used to quantify the proxies for open-fracture 309 
zones in the subsurface (e.g., FP500m, LCS500m, D10MPa; see Methods). The 310 
observational points were implemented as a three-dimensional matrix that covered a 311 
volume of ~ 21 km × 25 km × 6 km. The matrix is composed of 49 (E-W) × 59 (N-S) 312 
× 119 (vertical) points, with a horizontal spacing of 440 m and a vertical spacing of 313 
50 m. 314 
 315 
S2.3 Model assumptions and discussion  316 
Our topographic stress model assumes a simple mechanical property of rock and does 317 
not calculate the influence of geologic structures or varying lithologies. Thus, we 318 
modeled a region in a granitic terrain without active geologic structures within it (Fig. 319 
1, Supplementary Fig. 2) and used ambient stress measurements from nearby sites. 320 
However, it is possible that the compiled orientations and magnitudes for ambient 321 
stress conditions may be affected by nearby geologic structures, lithologies, and the 322 
timing of earthquakes. Among 24 measurements, 13 measurements (three sites) were 323 
made before the Wenchuan earthquake. Eight measurements (two sites) were from 324 
areas of granitic lithology. Previous studies show that major earthquakes such as the 325 
2008 Wenchuan event may induce transient changes in stress magnitudes and 326 
orientations after a few months to a few years 34,35,30. A local study30 showed a 23-327 
29% decrease in stress magnitudes in the northern section of the Longmen Shan, 328 




measurements from our site, in the middle section of the Longmen Shan, are 330 
somewhat more compressive after the Wenchuan Earthquakes (Supplementary Figs.  331 
3a, b). However, the lack of data from the same locations, lithologies, and 332 
measurement depths precludes any strong conclusions. The H orientations are 333 
consistently NW-SE before and after the Wenchuan earthquake, except for one 334 
overcoring measurement from very close to the surface (20 m depth; N19E).  335 
 336 
Despite the differences in site locations, lithologies, and the timing of measurements 337 
relative to the Wenchuan earthquake, the overall trends in stress magnitude 338 
measurements are relatively consistent (Supplementary Figs. 3a, b). The potential 339 
ranges of in-situ stress measurements from nearby sites allow us to examine the 340 
uncertainties of the total stress field. In addition to the stress model that used the best-341 
fit depth profiles of most and least compressive horizontal stresses, we perform 342 
sensitivity tests that used the 1  range of the fit (Supplementary Table 2). We 343 
showed the correlation coefficients between the 95th percentiles of landslide scar areas 344 
and FPmax based on these additional model scenarios in Supplementary Figs. 3c-e. We 345 
found consistent results of strong correlations (weighted correlation coefficients rw = 346 
0.76, 0.92, and 0.90 for earthquake-induced landslides and rw = 0.76, 0.75, and 0.79 347 
for precipitation-induced landslides) for the lower-bound, intermediate, and upper-348 
bound scenarios of the depth profiles of stress magnitudes, respectively. This test 349 
indicates that the controls of topographic stress on bedrock landslide size are robust 350 





S3. Quantification of potential controls on bedrock landslides  353 
We examined various potential controls of bedrock landslide magnitude and occurrence. 354 
We consider the controls of 1) the extent of open-fracture zones induced by topographic 355 
stress, 2) topography, 3) seismic shaking from the Wenchuan earthquake, and 4) 356 
precipitation rate and variability. In total, we calculate maximum, minimum, and mean 357 
values of 14 metrics and proxies, which include three proxies for topographic stress, 358 
five metrics for topography, three proxies for seismic shaking, and three proxies for 359 
precipitation. Below is a detailed explanation for the quantification of those controls.   360 
 361 
S3.1 Proxies for topographic stress 362 
We calculated three proxies to represent the influences of topographic stress in the 363 
extent of open-fracture zones. Based on modeled total stress fields, we calculate three 364 
proxies, the maximum value of failure potential at 500 m below the surface (FPmax), the 365 
depth at which the least compressive stress = 10 MPa (D10 MPa), and the least 366 
compressive stress at 500 m below the surface (LCS500m).  367 
 368 
The choice of 500 m depth is related to the elemental length scale of the stress model 369 
(~ 350 m triangle mesh size), the resolution of the original DEM (90 m), and the length-370 
scale of the DEM smoothing window (a radius of 500 m) to create meshes for stress 371 
modeling. The large length scale of 100s of meters is inevitable due to the unavailability 372 




landscape-scale model. Although stress proxies at ~500 m depth may not be directly 374 
used to predict failure planes and there are limitations to quantifying stress proxies at 375 
depths close to that of landslide here (10s of meters), we think that the stress proxies at 376 
500 m beneath the surface still provide a meaningful characterization of open-fracture 377 
zones in the shallow subsurface of mountain ranges due to the following reasons.  378 
 379 
First, the 500 m depth is comparable to or smaller than the vertical relief of hillslopes 380 
in the study area. Previous studies have shown that the characteristic length-scales of 381 
planar hillslopes in the study area is ~ 1 km20,36 and the hillslope of this region is steep (> 382 
30°). Considering these facts, the vertical relief of the hillslope will be > 500 m. Since 383 
a 500 m depth is comparable to or smaller than the magnitude of topographic 384 
variations, stress proxies at 500 m beneath the surface will capture the perturbations 385 
induced by the typical 1 km-scale hillslopes in the landscape.   386 
 387 
Second, there are spatial correlations between FP values at different depths, suggesting 388 
that stress proxies at 500 m can be used to infer the locations of high FP at shallow 389 
depths of 100s m beneath surface. The comparison among FP500m, FP1000m, and 390 
FP1500m show that the influence of topographic perturbation on stress fields is evident 391 
at 500 m and gradually disappears toward deeper depths (Supplementary Figs. 4g-i). 392 
We expect that the general patterns of high FP due to 100s m scale landscapes (e.g., 393 





Third, a recent study based on stress modeling and fracture observation from deep 396 
boreholes showed that present-day stress fields affected by surficial conditions and pore 397 
pressure can influence fracture openness to depths of 500 m even in low 398 
relief landscapes  such as Sweden28. Considering the significant topographic variation 399 
and the measured strong horizontal compression at our study site, topographic stress 400 
may also contribute to the reactivation and generation of open fractures to depths of 401 
100s of meters or deeper here. In fact, previous studies reported pervasive and well-402 
developed fractures on surface outcrops and in a 185 m-deep borehole from nearby 403 
areas29. When high-resolution DEMs and stress modeling become available, we can 404 
assess the impact of topographic stress variations from 10 m-scale landforms on 405 
landslides, in addition to the impact of 100 – 1000 m scale landforms that we have 406 
examined in this study. 407 
 408 
S3.2 Metrics for topography 409 
We calculated topographic metrics of hillslope gradient, local relief, elevation, 410 
distance to channel, and mean negative curvature. We used the 90 m-resolution void-411 
filled SRTM DEM from the USGS EarthExplorer platform 412 
(https://earthexplorer.usgs.gov/). Hillslope gradient was calculated using the slope 413 
function in ArcGIS that fits a plane to a 3×3 cell matrix and chooses the steepest 414 
descent along the plane from the central cell. Local relief was calculated as the range 415 
of elevation within a 1 km-radius circular window. The length scale of 1 km 416 




to channel is calculated as the steepest descent distance to the channel for all points 418 
within landslide scar, as described earlier. Topographic curvature was calculated from 419 
a smoothed DEM using a moving-average filter with a 500 m-radius window (half of 420 
the hillslope length scale) that was also used for our topographic stress model. The 421 
curvature from the smoothed DEM will be less affected by small-scale topographic 422 
variations and hence provide information of the overall landscape such as the position 423 
of ridges and valleys21,27. Two components of curvature, profile, and planform 424 
curvature were calculated along and perpendicular to the downslope direction. For 425 
each DEM grid point, the mean curvature was calculated as the average of the profile 426 
and planform curvatures27. In this study, the topographic curvature was calculated as 427 
the negative mean curvature. In this context, a negative curvature generally 428 
corresponds to topographic ridges, whereas a positive curvature corresponds to 429 
topographic valleys. 430 
 431 
S3.3 Proxies for seismic shaking 432 
We calculated three proxies that represent the magnitude of seismic shaking from the 433 
Wenchuan earthquake, which may influence the size and occurrence of earthquake-434 
induced landslides. We used peak ground acceleration (PGA) data from the 435 
ShakeMap produced by the USGS Earthquake Hazard Program 436 
(https://earthquake.usgs.gov/earthquakes/eventpage/usp000g650/executive). We also 437 
estimated an improved PGA corrected for the topographic amplification effect, 438 




on the large-scale topographic curvature (hereafter, PGA corrected for amplification). 440 
In short, this study37 found empirical correlations between ground motions from three-441 
dimensional earthquake simulations and topographic curvature smoothed over a 442 
characteristic length defined by half of the wavelength of S-waves. This approach has 443 
been used to infer seismic amplification across a hillslope ridge in Taiwan38. In our 444 
study area, the magnitude of PGA is comparable to the magnitude of pseudo-spectral 445 
acceleration (PSA) at a period of one second which was also provided by the USGS 446 
Hazard Program 447 
(https://earthquake.usgs.gov/earthquakes/eventpage/usp000g650/executive). Thus, we 448 
used 1 s to calculate a characteristic wavelength using an S-wave velocity of 3,000 m 449 
s-1, which was determined from body wave seismic tomography in the Longmen Shan 450 
region using data from a local seismic network39. In addition, we calculate the 451 
distance from the centroid points of landslide scars to the Yingxiu-Beichuan fault40, 452 
the major ruptured fault in our study area during the Wenchuan earthquake. The 453 
distance to this fault was shown to be one of the major controls of landslide density 454 
(landslide area per unit area or landslide number per unit area) following the 455 
Wenchuan earthquake11,12.  456 
 457 
S3.4 Proxies for precipitation rate and variability 458 
We calculated three precipitation proxies to represent the spatial distribution of 459 
precipitation rate and variability that can influence the size and occurrence of 460 




calculated the mean annual precipitation rates and 90th percentiles of precipitation 462 
magnitudes using the Tropical Rainfall Measuring Mission precipitation 463 
measurements (TRMM data product 2B31) averaged from 1998 to 200941. Due to the 464 
low resolution of the TRMM dataset (~ 2600 m), we only used the mean value for 465 
each landslide.  466 
 467 
In addition, we calculated a Slope Instability Proxy (SIP) to assess the propensity of 468 
precipitation-induced landslides that are affected by both topographic slope and 469 
increased pore-pressure due to a convergence of subsurface hydrology. We followed 470 
the approaches of Montgomery and Dietrich (1994)42, in which the proxy is based on 471 
an infinite slope stability model for a cohesionless frictional material coupled to a 472 
steady-state hydrologic model for subsurface groundwater flow. This proxy is 473 
typically used to assess the propensity of shallow landslides but has also been used for 474 
bedrock landslides before43,44. SIP is calculated using Eq. (S3): 475 
 476 
         (Eq. S3) 477 
 478 
where θ is the local hillslope gradient, φ is the internal friction angle, ρs is the bulk 479 
density of saturated hillslope material, ρw is the density of water, and W is the wetness 480 
index representing the ratio between the local hydraulic flux at a given steady state 481 






W = qA/(bTsinθ)      (Eq. S4) 485 
 486 
where q is the rainfall rate, A is the upstream contributing area over the contour length 487 
b, and T is the soil transmissivity at saturation. The value of W is set to vary from 0 to 488 
1, representing conditions from unsaturated to completely saturated, respectively. 489 
Generally, the steep slopes that are affected by the increased pore-pressure will have 490 
high SIP values, which represent a greater propensity for landsliding.  491 
 492 
We calculated W and SIP assuming spatially uniform T (3×10-4 m2/s), ρw (1,000 493 
kg/m3), ρs (2,000 kg/m3), and φ (45°). For q, we used mean annual precipitation 494 
derived from TRMM data product 2B3141. Note that we used a density of wet soil 495 
instead of a density for saturated rock. The use of a different density changes the 496 
magnitudes of SIP, but the spatial patterns of SIP are similar. We selected the T value 497 
of 3×10-4 m2/s, which show large spatial variations of W. We calculated SIP for each 498 
grid point on a hillslope with an upstream area < 1 km2 and obtained the maximum 499 
and mean SIP value within each landslide polygon.  500 
 501 
S4. Statistical analysis for comparing landslide metrics and potential controls  502 
To compare the sizes, abundances, and locations of bedrock landslides and the 14 503 
controls of topographic stress, topography, seismic shaking, and precipitation, we use 504 




potential controls, 2) segregating the study area to 2 km × 2 km grids, and 3) all 506 
landslide populations.   507 
 508 
First, we grouped all bedrock landslides into 16 bins based on the ranges of potential 509 
controls for both earthquake-induced and precipitation-induced landslides. Then, we 510 
selected the 95th percentile of landslide area to represent large bedrock landslides and 511 
defined the associated uncertainties as the 90th and 100th percentiles for each bin. The 512 
16 bins will have on average ~ 6% of the total landslide count in each bin. We then 513 
used the results from the bins that contain more than 3% of the total bedrock landslide 514 
count (more than 50% of the expected average percent) to perform a regression with 515 
potential controls. This criterion ensured that there were at least 4 precipitation-516 
induced landslides for each bin.  517 
 518 
We examined the correlations between the 95th percentiles of scar areas and the 14 519 
controls of stress, topography, seismic shaking, and precipitation for each landslide 520 
(Figs. 2-4). We compared the 95th percentile of scar areas with both maximum and 521 
mean values of the interested controls within each landslide scar zone. Although we 522 
focused on the large bedrock landslides, we also examined the correlations between 523 
the 50th percentile of scar areas and potential controls (Supplementary Fig. S5). We 524 
reported the correlation coefficients (rw), weighted by the percentage of landslide 525 
counts, in each bin and the p-values for linear regressions between the different 526 





To examine the influences of the choice of the percentile of landslide sizes within a 529 
given range of FPmax in Fig. 2, we performed a sensitivity analysis to examine how 530 
statistical measures change with the choice of percentiles varying from 10th and 100th 531 
(Supplementary Figs. S6a, b). We found that higher percentiles (i.e. larger landslides 532 
were targeted) produce a stronger and more significant correlation between landslide 533 
area and FPmax.  534 
 535 
Second, we used a grid-based analysis to quantify landslide areal density and to 536 
examine the potential controls on landslide occurrences. We segregated our study area 537 
into a matrix of 130 (2 km × 2 km) grids. We quantified the areal density of landslides 538 
in each 2 km × 2 km grid as the sum of landslide area (including both scar and deposit 539 
area) divided by the total area of each grid (i.e., 4 km2). We then compared the 540 
landslide areal density with the mean values of the 14 controls within the grid. This 541 
grid-based analysis allows us to differentiate the controls of landslide areas (e.g., 50th 542 
and 95th percentile) and occurrences (e.g., areal density). The landslide areas and areal 543 
densities are inter-correlated to some extent (Supplementary Fig. 8). The correlation 544 
between areal density and 95th percentile area is somewhat expected because large 545 
landslides make a major contribution to the total landslide area. However, there is 546 
appreciable scatter in the relationships among 50th and 95th percentile areas and areal 547 
density, which may indicate a potential for different controls of landslide occurrences 548 





Third, there are some extents of covariations between topographic stress proxies and 551 
certain proxies (e.g. spatial covariations between mean negative curvature, failure 552 
potential, and distance to channel for all DEM points, Supplementary Fig. 10). Here 553 
we examined the covariations between topographic stress proxies and other potential 554 
controls and assessed the relative importance of topographic stress controls. Based on 555 
the bin-based analysis, we showed that only stress proxies show strong correlations 556 
with the 95th percentile of landslide areas for both earthquake-induced and 557 
precipitation-induced landslides. However, we also identified a few controls other 558 
than stress proxies that showed good correlations with the 95th percentile of 559 
earthquake- and precipitation-induced landslides, separately. To examine the 560 
influence of the covariation between stress proxies and other controls, we plotted 561 
FPmax and other potential proxies and metrics from all mapped landslides. Then, we 562 
showed landslide scar areas using circle symbols whose diameters are proportional to 563 
scar areas (Fig. 5).  564 
 565 
We found potential covariations between FPmax and certain controls (e.g., gradient, 566 
elevation, and curvature). Some degree of covariation is expected due to the 567 
involvement of topography in subsurface stress perturbation, slope stability, and 568 
seismic amplification. However, we find that although some large landslides occur in 569 
high values of both FPmax and other controls, a noticeable amount of landslides also 570 




find that large bedrock landslides with scar areas > 40,000 to >100,000 m2 tend to 572 
occur more where FPmax exceed 0.4, and a majority (  50%) of those large bedrock 573 
landslides persistently occur in FPmax domains higher than that expected from the 574 
regression line based on all landslides. We quantified the percentages of bedrock 575 
landslides with FPmax higher than the regression for varying sizes from > 40,000 576 
to >100,000 m2 (Table S4). These observations indicate that the FPmax controls on 577 










Supplementary Figure 1. Characterization of the sizes of the two landslide 585 
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distributions of scar areas for earthquake-induced (red) and precipitation-induced 587 
(blue) landslides; correlations between scar area and (c) scar width and (d) entire 588 
areas for all landslides; and (e) a Longmen Shan local landslide area-depth empirical 589 
scaling relationship2,3. The scaling relationship is based on measurements of 41 590 
landslides (with 36 bedrock landslides and five soil landslides) following the 591 
Wenchuan earthquake. The shaded area indicates our assumed ranges of areas that 592 
separate soil and bedrock landslides in the study area. The dashed line indicates a 593 
maximum soil thickness inferred from a gradient-based relationship for soil landslides 594 
in California and Switzerland16. The solid line indicates our adopted area of 20,000m2 595 
that separates soil and bedrock landslides. Note a local measurement17 suggests a soil 596 
thickness of ~1.8 m in a steep granitic terrain in the eastern Tibetan mountainous 597 








Supplementary Figure 2. Elevation map of the Longmen Shan range. The yellow-603 
outlined box shows the domain of the stress model and the inset map at the upper 604 
right shows the location of the study area in regional context bounded by the 605 
Wenchuan-Maoxian fault and Yingxiu-Beichuan fault40. Circles show the locations of 606 
drilling sites for in-situ stress measurements with the lines denoting the orientation of 607 
most compressive horizontal stress29-31. Yellow triangle shows the location of Yingxiu 608 










Supplementary Figure 3. (a, b) Compilation of stress measurements near our study 616 
area and (c, d, f) correlations between landslide scar area and maximum failure 617 
potential (FPmax) from different ambient horizontal stress conditions. (a) Most 618 
compressive horizontal stress and (b) least compressive horizontal stress are shown 619 
with measurement depths. Black and gray symbols represent measurements made 620 
before and after the Wenchuan earthquake. Circle, star, cross, and left-pointing 621 
triangle symbols represent measurements from granite, argillaceous siltstone and 622 
sandy mudstone, sandstone, and phyllite, respectively. The solid lines show the depth 623 
profiles of ambient stress conditions from linear least squares fits, and dotted lines 624 
show the residuals of the fits (1σ errors). The compiled stress measurement data and 625 
the constraint ambient stress condition used in the stress models are presented in 626 
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landslide scar area and maximum failure potential (FPmax) based on ambient stress 628 
conditions, defined by lower, intermediate, and upper range in (a, b) are shown in (c, 629 
d, e). Red and blue symbols and lines are results for bedrock landslides induced by 630 
earthquakes and precipitation, respectively. The explanation for the symbols, colors, 631 










Supplementary Figure 4. Stress model domain and results. (a) Digital elevation map 639 
of our topographic stress model domain and spatial distribution of (b) least 640 
compressive stress at 500 m below the surface, (c) the depth at which the least 641 
compressive stress = 10 MPa, and failure potential calculated at (d) 500 m, (e) 1000 642 
m, and (f) 1500 m below the surface. The ambient stress conditions used in this figure 643 
are shown in the solid red line in Supplementary Figs. 2a, b. (g) Comparison between 644 
failure potential at 500 m below the surface versus failure potential at 1000 m (blue 645 
dots) and 1500 m (red dots) below the surface, shown in blue and red dots, for all 646 




compressive stress and (i) failure potential along the A-A’ profile shown as a white 648 










(FPmax) versus landslide scar width, (d-f) maximum failure potential (FPmax) versus 653 
landslide entire areas, (g-i) maximum depth at which the least compressive stress = 10 654 
MPa versus scar areas (j-l) minimum least compressive stress at 500 m below the 655 
surface versus scar areas, and between (m-o) maximum failure potential versus scar 656 
areas. The explanation for the symbols, colors, and lines are the same as Fig. 2.  657 
Bedrock landslides induced by (a, d, g, j, m) earthquake, (b, e, h, k, n) precipitation, 658 
and (c, f, i, l, o) both are shown. Small gray circles show all bedrock landslides whose 659 
areas are greater than 20,000 m2. Large colored symbols in (a-l) and (m-o) represent 660 
the 95th and 50th percentile of scar areas for each bin, respectively. Vertical error bars 661 
in (a-l) and (m-o) indicate 90th-100th and 45th-55th percentiles. The solid line 662 
represents the fit between 95th or 50th percentile of scar area and FPmax, and the dashed 663 
lines show the range of uncertainties based on the weighted root-mean-square error 664 










Supplementary Figure 6. Sensitivity analysis to examine how (a, c) weighted 672 
correlation coefficient, and (b, d) p-value vary with the choice of (a, b) percentile of 673 
landslide areas within a given range of FPmax and (a, b) the minimum area to separate 674 
bedrock landslides from soil landslides in Fig. 2. The correlations are statistically 675 
significant when using the upper 20 % of bedrock landslides areas from both 676 
earthquake-induced and precipitation-induced landslides. As the chosen percentile 677 
approaches 100%, statistical metrics are affected by a few maxima values and diverge 678 
from the general trends. In addition, there are strong, statistically significant 679 
correlations (p-value < 0.05) between FPmax and the 95th percentile area of bedrock 680 
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Supplementary Figure 7. Comparison between bedrock landslide scar area and mean 685 




depth at which the least compressive stress = 10 MPa, and (c) least compressive stress 687 
at 500 m below surface, topographic metrics of (d) topographic gradient (%), (e) local 688 
relief, (f) elevation, (g) distance to channel, and (h) mean negative curvature, and 689 
seismic shaking proxies of (i) peak ground acceleration (PGA), (j) curvature-690 
corrected PGA, and (k) distance to fault, and precipitation proxies of (l) mean annual 691 
precipitation rate, (m) 90th percentiles of precipitation magnitude, and (n) slope 692 
instability proxy (SIP). The explanation for the symbols, colors, and lines are the 693 









Supplementary Figure 8. Comparison between landslide areal density and (a) the 700 
95th and (b) 50th percentile of landslide scar areas and between (c) the 50th and 95th 701 
percentiles of landslide scar area from the grid-based analysis. There are positive 702 
relationships among areal density of landslides and the 50th and 95th percentiles of 703 
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Supplementary Figure 9. Comparison between areal density of (a-k) earthquake-710 
induced and (l-w) bedrock landslides and stress proxies of (a, l) failure potential at 711 
500 m below the surface, (b, m) the depth at which the least compressive stress = 10 712 
MPa, and (c, n) least compressive stress at 500 m below surface. Areal density from 713 
both landslide types were also compared with topographic metrics of (d, o) 714 
topographic gradient (%), (e, p) local relief, (f) elevation, (g) distance to channel, and 715 
(h) mean negative curvature.  We then compare areal density with seismic shaking 716 
proxies of (i) peak ground acceleration (PGA), (j) PGA corrected for amplification, 717 
and (k) distance to fault. Lastly, areal density was compared with precipitation-related 718 




magnitude, and (w) slope instability proxy. The explanation for the symbols, colors, 720 







Supplementary Figure 10. Comparison between distance to channel and (a) 725 
topographic curvature and (b) failure potential. Circles indicate the mean values of 726 
data points in each bin, and solid black lines represent the 16th and 84th percentiles. 727 
The color of the heatmap corresponds to the density of data points (defined as the 728 
number of data points in the bin over the total number of data points) for a given bin. 729 
Note that the high densities of certain distances are due to the distance to channel 730 
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